(n = 5) with the diagnosis of idiopathic RBD and secondary RBD due to Parkinson disease (PD) were included. All patients granted written informed consent for this study. Diagnosis of RBD required (1) history of dream-enacting behaviors and (2) nocturnal video-polysomnographic demonstration of prominent tonic and/or phasic EMG activity associated with abnormal behaviors and absence of electroencephalographic epileptiform activity during REM sleep.
2 Exclusion criteria were current treatment with clonazepam, history of bruxism, and an apneahypopnea index more than 10 per hour. Diagnosis of idiopathic RBD required absence of cognitive and motor complaints and normal neurologic examination. The diagnosis of PD was made according to the United Kingdom PD Society Brain Bank criteria. 23 Patients' demographic and clinical data, concomitant central nervous system active medications, and daily levodopa equivalent dose 24 were recorded.
nocturnal video-Polysomnography
All patients underwent 2 consecutive full-night video-polysomnographic studies. The first night was used for adaptation to the sleep laboratory, to confirm the diagnosis of RBD, and to exclude patients with artifacts in the EMG channels due to snoring, bruxism, or apnea-induced arousals that would interfere with the EMG quantification. The second night was used for analysis of the EMG activity in REM sleep. Ment refers to mentalis muscle; Ster, sternocleidomastoid muscle; Delt, deltoid muscle; Bic, biceps brachii muscle; Flex, flexor digitorum superficialis muscle; Abd, abductor pollicis brevis muscle; Pasp, thoraco-lumbar paraspinal muscles; Lfem, left rectus femoris muscle; Rfem, right rectus femoris muscle; Lta, left tibialis anterior muscle; Rta, right tibialis anterior muscle; Gast, gastrocnemius muscle; Ext, extensor digitorum brevis muscle. Head, Mentalis plus sternocleidomastoid muscles; Ul, upper limb muscles; Ll, lower limb muscles.
Polysomnography was performed with a digital polygraph (Innsbruck: Schwarzer Brainlab, software version 3.00, Munich, Germany; Barcelona: Deltamed, software version 1998, Paris, France) and consisted of vertical and horizontal electrooculography, electroencephalography (O2-A1, O1-A2, C4-A1, C3-A2), surface EMG of 13 muscles, electrocardiography, nasal and oral air flow, thoracic and abdominal respiratory effort, oxygen saturation, microphone and synchronized digital videography. Sleep stages were scored according to Rechtschaffen and Kales criteria, 25 with allowance to score REM sleep despite sustained EMG activity in the mentalis channel. The occurrence of the first REM in the electrooculographic channel was used to determine the onset of a REM sleep period. The end of a REM sleep period was determined either when no REMs were detected in 3 consecutive minutes or when an awakening, K complexes, or spindles were observed.
7 Scoring of sleep stages and quantification of phasic EMG activity in REM sleep were done by different investigators.
analysis of emG activity
Phasic EMG activity of 13 muscles in different localizations of the human body was quantified during REM sleep. We evaluated cranial nerve-innervated muscles (mentalis and sternocleidomastoid), trunk (thoraco-lumbar paraspinal muscles), proximal upper limb (deltoid and biceps brachii), distal upper limb (flexor digitorum superficialis and abductor pollicis brevis), proximal lower limb (rectus femoris), and distal lower limb (tibialis anterior, gastrocnemius, and extensor digitorum brevis) muscles. Rectus femoris and tibialis anterior activity was recorded bilaterally. Because of channel-number limitation, the remaining muscles were evaluated on 1 side of the body. The left side was chosen because, in case of unilateral movements during sleep, these movements have been reported to be more frequent in the nondominant limb. 26 Bipolar surface electrodes were attached to the skin with each electrode spaced 2 to 3 cm apart. The EMG activity was analyzed using amplification at 5 microvolts per mm, low-frequency filter at 10 Hz, high-frequency filter at 100 Hz, and a sampling rate of 256 Hz. Impedances of surface EMG electrodes had to be lower than 10 kΩ.
In each patient, phasic EMG activity was evaluated in miniepochs of 3 seconds in all REM sleep periods. Quantification of phasic EMG activity was done visually. A phasic EMG event was defined as any burst of EMG activity lasting 0.1 to 5 seconds with an amplitude exceeding twice the background EMG activity. 4 Each EMG channel was scored separately on the computer screen. After finishing the scoring of 1 EMG channel, the process was repeated in the remaining muscles. Every mini-epoch in each EMG channel was scored as "0" when phasic EMG activity was not present, "1" when phasic EMG activity was present, or "3" when an artifact prevented optimal scoring. Artifact scores were excluded from analysis (0.4% of all possible observations). A scoring consensus between the investigators of the 2 centers participating in this study was reached by reviewing together several polysomnographic studies. In addition, to calculate the interrater reliability, a sample of 100 mini-epochs belonging to different REM sleep episodes of different patients were scored independently by each sleep center. κ coefficients were calculated for each muscle. The mean κ coefficient was 0.872 (range, 0.72-1). The scores were entered into a database for analysis. In each muscle, the mean phasic EMG activity was expressed as the percentage of the 3-second mini-epochs containing phasic EMG events in REM sleep. For aggregate analysis, phasic EMG activity in each mini-epoch was calculated for the whole limb (upper or lower) and for proximal and distal muscles within each limb. Phasic EMG activity was not analyzed during non-REM sleep.
Periodic leg movements in sleep (PLMS) were scored in both the right and left tibialis anterior muscles following standard criteria. 27 In addition, we used the same criteria for scoring PLMS in the left extensor digitorum brevis muscle. The PLMS index was calculated as the number of periodic leg movements per hour of sleep. In order to distinguish PLMS from RBDrelated phasic EMG activity in the tibialis anterior and the extensor digitorum brevis muscles, we first reviewed each REM sleep period in general and carefully identified PLMS based upon (1) their regular periodicity and EMG criteria 27 and (2) their characteristic appearance by videography. Once PLMS were identified, they were excluded from the quantitative analysis of RBD-related phasic EMG activity. For all mini-epochs, distal and proximal limb phasic EMG activity was calculated for the upper limb and for the lower limb. To examine whether distal limb muscles had a different frequency of phasic EMG activity than proximal limb muscles, a paired Student t-test was performed for muscles of the upper limbs and the lower limbs. In addition, for all mini-epochs, simultaneous and nonsimultaneous phasic EMG activity in upper limb and lower limb muscles was counted. To examine whether upper and lower limb muscles were activated differently, we used the Student t-test. We also evaluated simultaneous and nonsimultaneous phasic EMG activity in distal and proximal limb muscles using the McNemar χ 2 test with continuity correction.
For all the mini-epochs, bilaterally simultaneous and unilateral left and right tibialis anterior phasic EMG activity was calculated. A similar procedure was done for the left and right rectus femoris. To examine whether bilaterally simultaneous phasic EMG activity was more frequent than unilateral phasic EMG activity in each pair of muscles, a paired Student t-test was performed.
To determine the combination of muscles resulting in the highest rates of phasic EMG activity, all pairs of muscles were first analyzed. Once the pair of muscles showing the highest rates of phasic EMG activity was found, we sequentially added the remaining muscles to find the 3-muscle combination with the highest rate of phasic EMG activity. The same procedure was repeated increasing the number of muscles until reaching a 95% threshold in detecting phasic EMG activity in all miniepochs. A Student t-test for paired samples was used to compare the rates of phasic EMG activity of the different combinations of muscles. Rapid eye movement sleep behavior disorder (RBD) symptoms persisted after discontinuation of previous central nervous system (CNS) active medication.
Electromyographic Activity in RBD-Frauscher et al
Results
We studied 17 right-handed patients with RBD, 13 men and 4 women, with a mean age of 60.8 ± 9.7 (range, 43-73) years and a mean RBD duration of 6.1 ± 4.8 (range, 1-20) years. Eight patients had idiopathic RBD (mean age, 68.0 ± 4.1 years), and 9 had RBD associated with PD (mean age, 54.3 ± 8.7 years). None of the patients with idiopathic RBD was taking central nervous system active drugs. Patients with PD were taking dopaminergic agents (n = 8), hypnotics (n = 3), antidepressants (n = 2), and neuroleptics (n = 2). Patients' demographic and clinical data and use of psychoactive medications are presented in Table 1 . Polysomnographic data are shown in Table 2 . A mean of 1459.6 ± 613.8 3-second mini-epochs were analyzed per patient. Table 3 and Figure 1 show the mean percentage, standard deviation, and range of muscle activity in individual muscles for each patient and the mean for the whole group of patients.
Rates of Phasic emG activity in Rem sleep in the different muscles
The highest rates of phasic EMG activity were found in the mentalis, flexor digitorum superficialis, and extensor digitorum brevis. In individual muscles, the mentalis showed a statistically significant higher rate of phasic EMG activity than the remaining muscles except the flexor digitorum superficialis Differences in PLMS indices between the left and right tibialis anterior muscles and extensor digitorum brevis muscle were calculated using nonparametric Friedman test, since these indices were not normally distributed. Linear logistic regression analysis (Wald backward procedure) was performed to analyze potential relations between total phasic EMG activity and RBD duration, sex, age, and daily levodopa-equivalent dose. tion of at least 7 muscles was necessary to reach a 95% threshold in detecting phasic EMG activity in all mini-epochs. There was no correlation between mean phasic EMG activity and RBD duration, age, sex, and daily levodopa equivalent dose.
Comparison of Proximal versus distal limb emG activity
Phasic EMG activity was detected more frequently in distal muscles than in proximal muscles. In the upper limb, 62.8% ± 10.9% of phasic EMG activity occurred in distal muscles, whereas proximal muscles only displayed 37.2% ± 11 % (P = 0.0001). In the lower limb, 72.3% ± 7.8% of phasic EMG activity occurred in distal muscles versus 27.7% ± 7.7% in the proximal muscles (P <0.001). Phasic EMG activity in proximal limb muscles tended to appear simultaneously with distal limb EMG activity, whereas phasic EMG activity in distal limb muscles tended to appear independently from proximal limb muscles, in both upper (χ 2 1661.22; P < 0.0001) and lower limbs (χ 2 4859.68; P < 0.0001).
Bilateral distribution of Phasic emG activity
Phasic EMG activity was more frequently detected unilaterally than bilaterally both in the tibialis anterior (67.0% ± 14.1% (P = 0.390) and the extensor digitorum brevis (P = 0.156). The greatest amount of phasic EMG activity was detected in cranial nerve-innervated muscles (46.5% ± 19.5%), followed by muscles of the upper (42.9%% ± 13.6%), and lower limbs (38.0% ± 14.3%), although these differences were not statistically significant (p > 0.12). Phasic EMG activity was less prominent in the axial paraspinal muscles (6.3% ± 4.6%, P < 0.0001).
The rates of phasic EMG activity in several combinations of muscles for each patient are shown in Table 4 . Simultaneous recording of the mentalis, flexor digitorum superficialis, and extensor digitorum brevis detected phasic EMG activity in 82% (mean, 954 mini-epochs) of all the mini-epochs containing phasic EMG activity (mean, 1033 mini-epochs; 95% confidence interval [CI], 770-1295). This was similar in patients with idiopathic RBD and in those with RBD related to PD. The combination of mentalis, flexor digitorum superficialis, and extensor digitorum brevis provided higher rates of phasic EMG activity than the standard combination used in routine polysomnographic studies (mentalis plus left and right tibialis anterior) and than any other 3-muscle combination, including those currently used in sleep centers for RBD evaluation, such as mentalis, flexor digitorum superficialis, and tibialis anterior or mentalis, biceps brachii, and tibialis anterior ( Table 5 ). The muscles showing the lowest rates of phasic EMG activity not simultaneous with other muscles were the rectus femoris, deltoid, biceps brachii, and paraspinal. A combina- RBD refers to rapid eye movement sleep behavior disorder; PD, Parkinson disease; ment, mentalis muscle; flex, flexor digitorum superficialis muscle; ext, extensor digitorum brevis muscle; abd, abductor pollicis brevis muscle; ster, sternocleidomastoid muscle; lta, left tibialis anterior muscle; gast, gastrocnemius muscle.
Electromyographic Activity in RBD-Frauscher et al rodegenerative disease. 19, 20 Therefore, polysomnographic detection of increased EMG activity during REM sleep is crucial to confirm the diagnosis of RBD. However, it was previously unknown in which muscle or muscle group this excessive EMG activity is more prominent.
In a standard polysomnographic study, EMG of the mentalis or submentalis muscles is used as a criterion for scoring REM sleep. 25 In our study, the mentalis showed the highest rate of phasic EMG activity. Isolated recording of the mentalis, however, only detected 55% of all the mini-epochs containing phasic EMG activity in REM sleep. Confirming the diagnosis of RBD using only the mentalis may be limited by (1) relatively low rates (55%) of phasic EMG activity, (2) high tendency of this muscle to be superimposed by artifacts such as snoring, (3) difficulties in distinguishing phasic from tonic EMG activity, and the fact that (4) most abnormal sleep behaviors seen in RBD correspond to movements of the limbs. 1, 28 Thus, other muscles, including those in the limbs, should be added to the mentalis in the polysomnographic montage. Our study showed that detection of 95% of the mini-epochs containing phasic EMG activity was only obtained when at least 7 muscles from the head and upper and lower limbs were recorded simultaneously. Evaluation of 7 muscles is not feasible in most sleep centers. We found that a more simple 3-muscle combination of the mentalis, flexor digitorum superficialis, and extensor digitorum brevis provided high rates of increased phasic EMG activity of RBD. With this 3-muscle combination, 82% of overall phasic EMG activity could be detected in patients with RBD. An additional advantage of this 3-muscle combination is that it examines the common abnormal EMG activity of RBD occurring in the cranial and upper and lower limb muscles.
1,18 Our findings were not influenced by RBD duration, age, sex, etiology (idiopathic RBD versus RBD linked to PD), or levodopa-dose intake.
Comparison of Proximal versus distal limb emG activity
In healthy people, occasional and brief bursts of phasic EMG activity can be recorded during REM sleep, particularly in distal muscles of the limbs. 26, 29 Cats have a similar type of activity, which is more frequently detected in distal than in proximal limb muscles. 30 Our study showed that in patients with RBD, phasic EMG activity during REM sleep was more common in distal than in proximal limb muscles. Thus, it can be speculated that the excessive EMG expression of RBD in the distal limb muscles represents an abnormal increase of a physiologic tendency occurring in REM sleep. The reason why distal muscles are more active or less inhibited in normal REM sleep as well as in RBD is unknown, but several explanations can be offered. First, to protect an individual from dangerous motion during sleep, atonia may be more necessary in proximal limb muscles than in distal limb muscles. Second, distal limb muscles may be more active in RBD because, as has been recently suggested, 22 movements in REM sleep in RBD might be generated in the cortex where the distal limb has a larger cortical somatotopic representation than does the proximal limb. We can not exclude that a similar somatotopic representation exists in those brainstem nuclei that mediate muscle atonia during REM sleep (e.g., subceruleus nucleus, pedunculopontine nucleus, magnocellularis nucleus) that are versus 32.6% ± 14.1%; P > 0.001) and in the rectus femoris (67.9% ± 13% versus 32.2% ± 12.7%; P > 0.001).
Periodic leg movements in sleep
The PLMS index did not differ between both tibialis anterior muscles (right: 49.7 ± 30.0; left: 38.5 ± 26.3) and the left extensor digitorum brevis muscle (50.1 ± 30.6) (P = 0.779).
disCussion
To the best of our knowledge, this is the first study to examine multiple muscle recordings in patients with RBD. Our results show that simultaneous recording of the mentalis, flexor digitorum superficialis, and extensor digitorum brevis provided the highest rates of phasic EMG activity seen in subjects with RBD. In addition, we found that excessive phasic EMG activity was more prominent in distal than in proximal muscles.
Rates of Phasic emG activity in Rem sleep in the different muscles
Correct diagnosis of RBD is important because patients with the idiopathic form have an increased risk for developing a neu- torum brevis muscles provides the highest rates of phasic EMG activity during REM sleep in RBD. A further study is needed to establish the cut-off values of phasic EMG activity in different muscles in REM sleep in a healthy population. aCKnowledGments thought to be impaired in RBD. 1 To the best of our knowledge, the motor somatotopic distribution within these brainstem nuclei has not been studied.
Bilateral distribution of Phasic emG activity
The findings that phasic EMG activity was often not simultaneous over both sides of the body and that it is common that movements in REM sleep are limited to 1 extremity in normal subjects, 26 indicate that it would be useful that the polysomnographic montage contained EMG recording of the 4 limbs.
Periodic leg movements in sleep
When compared with the tibialis anterior, the extensor digitorum brevis provided higher rates of phasic EMG events and similar rates of PLMs in both REM and non-REM sleep. Recording from the extensor digitorum brevis instead of the tibialis anterior does not decrease detection of PLMS in subjects with suspected RBD.
This study has some potential limitations. First, we did not include a control group. This prevented us from assessing normative EMG data in the muscles investigated. Our study, however, was aimed at determining, in patients with RBD, which muscles provide the highest rates of phasic EMG activity rather than determining the normal quantity of this activity. Therefore, the lack of a control group does not diminish the conclusions of our study. Second, patients included were affected by different forms of RBD (idiopathic RBD and RBD associated with PD) and were using different medications. A heterogeneous sample of patients was included in our study because we aimed to evaluate the habitual subject presenting to a sleep center to confirm the diagnosis of RBD. The results of our study are in line with previous observations showing that the global amount of phasic EMG activity (1) is not different in patients with idiopathic RBD than in those with RBD associated with PD and (2) is not related to daily levodopa-equivalent dose. 18 Patients taking clonazepam, however, were excluded because this medication reduces phasic EMG activity in RBD. 4 Third, since patients were evaluated only 1 night, our results might be affected by the night-to-night variability of this parasomnia. 29 In our study, the internight variability might have been minimized by measuring more than 1000 mini-epochs per patient. Fourth, tonic EMG activity was not assessed. Our study focused on quantification of phasic EMG events because this activity is always increased in idiopathic RBD and sporadic PD, reflects the occurrence of abnormal sleep behaviors, 18 and is easy to be recognized and scored. In contrast, tonic EMG activity may not be elevated in some patients with RBD. 28 When tonic EMG activity is increased, this activity is normally not associated with vocalizations or body movements and is sometimes difficult to distinguish from a superimposed phasic component. 28 We think therefore that the comprehensiveness of the investigation corroborates the validity of our findings.
In conclusion, this is the first study to investigate which polysomnographic EMG montage is the most appropriate for the detection of the characteristic abnormal phasic EMG activity seen in RBD. According to our findings, a montage including the mentalis, flexor digitorum superficialis, and extensor digi-
